INTRODUCTION
Members of the Burkholderia cepacia complex (Bcc) are commonly found in soil and aquatic environments (LiPuma, 2010; Loutet and Valvano, 2010) . Seventeen Bcc species have been identified, all of which have the potential to be opportunistic pathogens, although Burkholderia cenocepacia is the most clinically significant. B. cenocepacia causes lung infections resulting in significantly decreased survival rates in cystic fibrosis and chronic granulomatous disease patients . The organism is intrinsically multidrug resistant and can persist in the lungs of CF patients for many years . In some patients, infection with B. cenocepacia can progress to what is termed "cepacia syndrome." Cepacia syndrome is associated with a rapid deterioration in lung function associated with necrotizing pneumonia, bacteremia and sepsis that can result in death (Isles et al., 1984) .
Many virulence factors have been identified in B. cenocepacia including extracellular enzymes, toxins, secretions systems, iron acquisition systems, cell-cell communication (quorum sensing, QS) systems, regulatory proteins as well as genes contributing to motility, biofilm formation, adhesion, cell invasion, intracellular survival, and bacterial protection from host factors (for review see Loutet and Valvano, 2010) . Several infection models have been employed to identify and characterize the contribution of numerous genes to pathogenesis (Uehlinger et al., 2009) . B. cenocepacia exhibits virulence against Caenorhabditis elegans (Kothe et al., 2003) , Galleria mellonella (Seed and Dennis, 2008) , Acanthamoeba (Marolda et al., 1999) , Dictyostelium discoideum (Aubert et al., 2008) , Danio rerio (Vergunst et al., 2010) , Drosophila melanogaster (Castonguay-Vanier et al., 2010) , and alfalfa seedlings (Bernier et al., 2003) . Chronic respiratory infection models have been developed in mice and rats to investigate pathogenesis of Bcc species. The rat chronic respiratory infection model described by Cash et al. (1979) involves transtracheal delivery of agar-embedded bacteria directly into the lung allowing for bacterial persistence and pathology to be measured. This chronic infection model has been used to identify Bcc species and bacterial strains that persisted or caused lung pathology from less virulent strains such as mutants in ornibactin biosynthesis, uptake and utilization, zinc metalloproteases, and genes encoding other enzymes, transcriptional regulators, and lipopolysaccharide (Sokol et al., 1999 (Sokol et al., , 2000 Bernier et al., 2003 Bernier et al., , 2008 Corbett et al., 2003; Baldwin et al., 2004; Bernier and Sokol, 2005; Kooi et al., 2006; Loutet et al., 2006; Flannagan et al., 2007) . These studies have revealed the importance of individual genes or systems to virulence but have not assessed bacterial gene expression during infection.
Transcriptional profiling using custom B. cenocepacia microarrays and RNA sequencing technology have enabled in vitro gene expression studies to be performed at a genome level. Transcriptional profiling has been used to examine gene expression in different environmental conditions such as those mimicking CF sputum or soil, or in response to antimicrobials (Drevinek et al., 2008; Yoder-Himes et al., 2009 , 2010 Peeters et al., 2010; Bazzini et al., 2011; Coenye et al., 2011; . In addition to further characterizing genes previously known to be important in virulence, these studies have also identified many genes with potential importance in virulence. Our current understanding of B. cenocepacia physiology, pathogenesis, and survival is incomplete since the B. cenocepacia genome, which is over 8 Mb, contains genes encoding many uncharacterized proteins. Identifying such proteins and determining their functional significance will improve our abilities to target such proteins for therapeutic purposes. To date, no studies have profiled B. cenocepacia gene expression at the whole genome level directly from infected cells/tissues or during infection of a susceptible host. To further understand B. cenocepacia adaptation to the host environment, we have used microarrays to examine the B. cenocepacia gene expression signature in the rat chronic respiratory infection model and compared this to high cell-density laboratory-grown cultures.
MATERIALS AND METHODS

BACTERIAL STRAINS AND GROWTH CONDITIONS FOR IN VITRO SAMPLES
Burkholderia cenocepacia K56-2 is a CF isolate that belongs to the ET12 lineage (RAPD type 2) and is clonally related to the sequenced strain J2315 (Mahenthiralingam et al., 2000; Baldwin et al., 2004; Holden et al., 2009) . To generate in vitro samples, K56-2 cultures were grown at 37˚C, in 10 ml Miller's Luria broth (LB; Invitrogen, Burlington, ON, Canada) with shaking in 125 ml Erlenmeyer flasks to stationary phase (16 h) as previously described (O'Grady et al., 2009) . Bacterial growth was assessed by determining the optical density (OD) at 600 nm.
ANIMAL STUDIES
Animal infections were performed using the rat agar bead respiratory infection model (Cash et al., 1979) . Adult male SpragueDawley rats (150-180 g; Charles River, QC, Canada) were inoculated transtracheally with approximately 10 7 CFU of K56-2. At 3 days postinfection, infected lungs were aseptically removed, stored at 4˚C overnight in 15 ml of RNA later (Ambion, Streetsville, ON, Canada), and subsequently maintained at −70˚C to prevent RNA degradation. Animal experiments were conducted according to the guidelines of the Canadian Council of Animal Care for the care and use of experimental animals under protocol M08089 approved by the University of Calgary Animal Care Committee.
RNA MANIPULATIONS
Total RNA from in vitro samples was prepared as previously described (O'Grady et al., 2009 ) using a RiboPure bacterial RNA isolation kit according to manufacturer's instructions (Ambion). For in vivo samples, total RNA from infected lungs was isolated using Tri Reagent (Invitrogen) as recommended by the manufacturer. Total RNA samples were enriched for bacterial RNA using a MicrobEnrich kit (Ambion) and purified using a MegaClear kit (Ambion). Enriched and purified bacterial RNA was depleted of 16S and 23S rRNAs using a MicrobExpress kit (Ambion) to isolate mRNA according to manufacturer's instructions to provide enhanced sensitivity for microarray experiments. DNase treatment was performed on all RNA samples using DNA-Free (Ambion), and samples were confirmed by PCR using Taq polymerase (Invitrogen) to be free of DNA prior to cDNA synthesis.
MICROARRAY ANALYSIS
In vitro-derived total RNA and in vivo-derived mRNA samples were indirectly labeled with the CyScribe Post-Labelling Kit (GE Healthcare) and cDNA synthesis performed as described by with the following modifications. Three independent RNA samples were used for in vitro samples and two mRNA samples (each consisting of an mRNA pool isolated from two infected rats to reduce variability between animals) were used for in vivo samples. Approximately 10 μg total RNA was labeled for each in vitro sample and 8 μg mRNA was labeled for each in vivo sample. The reference pool for microarray experiments consisted of B. cenocepacia J2315 genomic DNA isolated and labeled as described . The B. cenocepacia J2315 custom microarray, with each probe printed four times using the Agilent Sure Print 4 × 44 microarray platform, was used (Drevinek et al., 2008; . Approximately 700-1000 ng labeled cDNA from the in vitro and in vivo samples and 55 ng labeled control genomic DNA was used per microarray. Hybridization, washing, and scanning were performed as described using the Two Color Microarray Based Gene Expression Analysis Protocol (Agilent) and the data analyzed using GeneSpring GX version 7.3.1. All labeling, hybridization, and scanning were performed by the Mahenthiralingam Laboratory, Cardiff University, Wales. Initial data were preprocessed by employing the enhanced Agilent FE import method. Probes specific to J2315 were filtered on a 1.5-fold change in expression between conditions to identify clusters of differentially regulated genes related to specific functions or potentially organized in operons. To eliminate potential differences in RNA between samples, data were normalized to control samples and mean log 2 ratios (in vivo/in vitro) calculated from replicates were used and reported as expression ratios. Mean log 2 ratios were also filtered on twofold changes in expression between in vivo and in vitro conditions to identify more stringently differentially regulated genes. The in vitro-or in vivo-derived K56-2 cDNA produced a signal that was detected by at least 94% of the probes on the microarray. Operon prediction and gene annotation or predicted protein function were retrieved from the B. cenocepacia J2315 genome at http://www.burkholderia.com (Winsor et al., 2008) or http://www.microbesonline.org (Dehal et al., 2009) . The entire microarray data set has been deposited in the Array Express database http://www.ebi.ac.uk/arrayexpress under accession number E-MEXP-3367.
QUANTITATIVE RT-PCR
RNA for quantitative RT-PCR (qRT-PCR) was derived independently of that used for microarray analysis. Briefly, total RNA was isolated from three independent in vitro cultures prepared as described above. In a separate animal experiment to that used to prepare the microarray samples, enriched and purified total RNA was isolated as described above from three infected rats yielding three independent in vivo samples. Oligonucleotide primers (Table 1) were designed with Primer3 (Rozen and Skaletsky, 2000) and were synthesized by the University of Calgary Core DNA Services (Calgary, AB, Canada). BCAL0421 (gyrB) encoding DNA gyrase subunit B, previously used as a housekeeping gene in the Bcc multilocus sequence typing scheme (Baldwin et al., 2005) was used as a control as described previously (Peeters et al., 2010) . Expression of gyrB was not significantly altered according to microarray analysis (data not shown). RT-PCR was performed using an iScript Select cDNA synthesis kit (Bio-Rad, Mississauga, ON, Canada). Quantification and melting curve analyses were performed with SsoFast Evagreen supermix with low ROX on an iCycler (Bio-Rad) according to manufacturer's instructions. For each of the three in vitro and in vivo cDNA samples, qRT-PCRs were performed in triplicate, normalized to the control gene, gyrB. Data were calculated as previously described (Schmittgen and Livak, 2008) and represented as fold change of the in vivo samples relative to the in vitro samples.
RESULTS
GENES ON ALL GENOMIC ELEMENTS ARE INDUCED IN RESPONSE TO THE HOST ENVIRONMENT
Global gene expression profiles were generated using microarrays from B. cenocepacia cultures recovered from rat lungs 3 days postinfection using a chronic respiratory infection model and compared to those of B. cenocepacia cultures grown to high celldensity in vitro. Using a fold change cut off of ≥1.5, we identified 366 genes that were induced in vitro and 304 genes that were induced in vivo ( Table 2 ). The B. cenocepacia J2315 genome is comprised of four genetic elements: chromosome 1, 3.87 Mb; chromosome 2, 3.22 Mb; chromosome 3, 0.88 Mb; and a plasmid, 0.09 Mb (Holden et al., 2009 ). Differential expression was observed for genes present on the three chromosomes as well as the plasmid. The number of genes induced in vitro or induced in vivo on each genomic element and the percentage of the total number of genes induced in vitro or in vivo located on each genomic element is shown in Table 2 . For in vitro induced genes, the distribution of changes across the genome was relatively proportional to the size of each genomic element, i.e., a decreasing percentage of genes showed altered expression from chromosomes 1 through 3 and to the plasmid. Interestingly, more than 20% of genes induced in vivo were plasmid genes indicating this group of genes was highly overrepresented ( Table 2) . Consistent with this observation, for chromosomes 1 through 3, the percentage of genes on each replicon induced in vivo was similar and ranged from 2.9 to 4.8%, in marked contrast to the plasmid where 66% of plasmid-encoded genes were induced in vivo ( Table 2) .
A MAJORITY OF CHARACTERIZED VIRULENCE GENES ARE SIMILARLY EXPRESSED BETWEEN IN VITRO AND IN VIVO ENVIRONMENTS
At least 28 genes have been characterized in B. cenocepacia that are known to be important for virulence and belong to functional groups including stress resistance, extracellular enzymes or FIGURE 1 | In vivo expression of characterized virulence genes. Expression ratio of RNA recovered from rat lungs (in vivo) relative to RNA isolated from in vitro grown cultures as determined by microarray analysis. The "BCA" designation has been removed from names of genes encoded on chromosomes 1, 2, and 3 for image clarity.
secreted toxins, QS, transcriptional regulation, as well as genes involved in heme uptake, iron acquisition, and the synthesis of structural components such as lipopolysaccharide, porins, and lectins (Loutet and Valvano, 2010) . Analysis of these virulence genes showed that expression of the majority of these genes was similar between in vitro and in vivo conditions (Figure 1 ). The expression of cepI, encoding an N -acyl-homoserine lactone (AHL) synthase, was somewhat lower in vivo and this observation was consistent with lower expression of CepIR-regulated genes including those encoding extracellular zinc metalloproteases ZmpA and ZmpB, the orphan LuxR homolog CepR2 and the LysR-type transcriptional regulator ShvR (Figure 1) . Two other genes known to be influenced by CepIR such as the major catalase/peroxidase encoded by katB and an acyl-CoA dehydrogenase encoded by BCAS0208 were similarly expressed in the in vitro and in vivo environments (Figure 1) . The BCAS0208 mutant caused less lung pathology than wild type in the rat chronic respiratory infection model (Subramoni et al., 2011) .
Limited iron availability in mammals is circumvented by infectious pathogens by the production of iron binding and transport complexes such as heme binding proteins and siderophores. Although genes involved in heme transport (huvA and hmuS) were not differentially expressed between in vivo and in vitro environments (Figure 1) , huvA mutants exhibited survival defects in the rat chronic respiratory infection model (Hunt et al., 2004) . Genes involved in ornibactin biosynthesis and transport were also expressed at similar levels in both environments, although ornibactin mediated iron uptake is required for persistence in the rat chronic respiratory infection model (Visser et al., 2004) . Among the characterized virulence genes, the lowest in vivo expression ratio (0.04) was observed for BCAS0293 (aidA; Figure 1 ). The aidA gene encodes a protein that significantly contributes to virulence against C. elegans (Huber et al., 2004) , but an aidA mutation had no effect on virulence in the rat chronic respiratory infection model (Uehlinger et al., 2009 The T2SS is composed at least 12 ORFs on three gsp operons and is involved in secretion of extracellular zinc metalloproteases ZmpA, ZmpB, and other extracellular proteins that have enzymatic activity such as phospholipase C, hemolysin, lipase, and polygalacturonase (Fehlner-Gardiner et al., 2002; Kothe et al., 2003; Gingues et al., 2005; Somvanshi et al., 2010) . Expression of the three gsp operons encoding the T2SS was similar between in vitro and in vivo conditions (Figure 2A) . Apart from the lower expression of zmpA and zmpB in vivo (Figure 1) , expression of other genes encoding enzymes secreted by the T2SS described above was not different between in vitro and in vivo conditions (data not shown). The B. cenocepacia T3SS genes are organized in two operons on chromosome 2 thought to be responsible for secretion of effector proteins that have yet to be identified (Tomich et al., 2003; Glendinning et al., 2004) . Mutation of bcscN, encoding an ATPbinding protein, reduced bacterial survival, and lung inflammation in a mouse agar bead infection model (Tomich et al., 2003) . In our study, the mean expression ratio of genes in the bcscQ and bcscV operons was 1.03 and 0.99, respectively, in the in vivo compared to in vitro conditions ( Figure 2B ) indicating that there was no difference in expression.
Two gene clusters located on chromosome 2 and the plasmid have been identified to encode components of T4SS. Interestingly, the plasmid-encoded T4SS was induced in vivo. The bc-VirB/D4 T4SS on chromosome 2 shares homology with the Agrobacterium tumefaciens T4SS and is involved in plasmid mobilization is chromosome 2-encoded T4SS genes with expanded y -axis. The "BCA" designation has been removed from names of genes encoded on chromosomes 1, 2, and 3 for image clarity. Putative operons are indicated by arrows.
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www.frontiersin.org (Engledow et al., 2004) . The second T4SS gene cluster exists on a 92.7-kb plasmid that is found in relatively few B. cenocepacia strains including J2315 and K56-2 (Engledow et al., 2004) but not AU1054 or MCO-3 (Winsor et al., 2008) . This plasmid-encoded T4SS contributes to the plant tissue watersoaking (ptw) phenotype and disease symptoms in onion tissue (Engledow et al., 2004) and increased survival of B. cenocepacia in macrophages and airway epithelial cells (Sajjan et al., 2008) . Expression of genes on the (Holden et al., 2009) at http://www. burkholderia.com (Winsor et al., 2008) or http://www.microbesonline.org (Dehal et al., 2009 chromosome 2-encoded T4SS were similar in the in vitro and in vivo conditions ( Figure 2C ). In contrast, several genes that are part of the plasmid-encoded T4SS were markedly induced in vivo at levels ranging from 3-to 46.1-fold ( Figure 2C ). Higher in vivo expression of pBCA025 encoding the putative conjugative transfer protein TraF and pBCA045 encoding the putative exported protein TraK was confirmed using qRT-PCR (Table 3) . These data indicated differential regulation of chromosome 2-and plasmid-encoded T4SS between in vitro and in vivo conditions. The B. cenocepacia T6SS comprises 16 genes organized in three adjacent operons on chromosome 1. The T6SS contributes to survival of B. cenocepacia in the rat chronic respiratory infection model (Hunt et al., 2004) and influences infection of macrophages (Aubert et al., 2008) . Expression of BCAL0339 and BCAL0346 was lower in B. cenocepacia growing in medium supplemented with CF sputum compared to control cultures (Drevinek et al., 2008) . In our study, expression of six T6SS genes was lower in vivo compared to in vitro conditions. The BCAL0340-0348 operon exhibited the lowest expression in vivo (0.66) compared to the other two T6SS operons ( Figure 2D ). The BCAL0340 operon includes genes encoding the ClpV-like chaperone (BCAL0347) and the hemolysin-coregulated protein (Hcp) (BCAL0343; Aubert et al., 2008) . The ClpV-like chaperone is required for secretion of Hcp in Pseudomonas aeruginosa (Mougous et al., 2006) . The hcp gene showed the lowest in vivo expression (0.54) of any T6SS gene and the low hcp expression in vivo was confirmed using qRT-PCR ( Figure 2D ; Table 3 ).
MOTILITY AND Flp TYPE PILUS-ENCODING GENES ARE INDUCED IN VITRO
Bacterial motility, attachment, and invasion via flagellar-and pilus-encoding genes are known to be important in virulence (Tomich et al., 2002; Urban et al., 2004) . Expression of 24 flagellarassociated genes from eight different operons distributed across chromosome 1 was lower in vivo, with the lowest in vivo/in vitro 
Frontiers in Cellular and Infection Microbiology
www.frontiersin.org expression ratio (0.23) observed for fliC, encoding type II flagellin ( Figure 3A) . Lower expresssion of fliC in vivo compared to in vitro conditions was independently confirmed using qRT-PCR ( Table 3) . The genomic locus from BCAL1520-1537 encodes components of a subclass of type IVb prepilins, called a Flp type pilus, that is similar to the flp-tad-rcp locus that is involved in adherence and biofilm formation in Actinobacillus actinomycetemcomitans (Kachlany et al., 2001; Inoue et al., 2003) and aggregation and biofilm formation in P. aeruginosa (de Bentzmann et al., 2006) . Ten genes encoding components of the chromosome 1-encoded Flp type pilus had lower in vivo expression. The lowest expression was observed for BCAL1525 encoding a Flp type pilus subunit and this trend was confirmed using qRT-PCR ( Figure 3B ; Table 3 ).
IDENTIFICATION OF GENES POTENTIALLY IMPORTANT IN THE HOST ENVIRONMENT
Approximately 300 genes were identified with at least a 1.5-fold change increase in expression in vivo compared to in vitro grown cultures (Table A1 in Appendix). Selected genes and their fold change differences are shown in Table 4 . Many of these genes have not been previously characterized in B. cenocepacia. The most common putative functions of these in vivo induced genes were related to adaptation to stress or a host environment, metabolism, or nutrient acquisition ( Table 4) .
NOVEL GENES INDUCED IN VIVO
A four gene operon (BCAM2703-2700) containing genes involved in the methylcitrate cycle, required for propionyl-CoA metabolism, and fatty-acid utilization, were markedly induced in vivo ( Table 4) . Induced in vivo expression of BCAM2702 (prpC) encoding 2-methylcitrate synthase was confirmed using qRT-PCR (Table 3) . Genes involved in the methylcitrate and glyoxylate cycles are required for virulence in Mycobacterium tuberculosis, which relies more on fatty acids than carbohydrates during infection (Munoz-Elias and McKinney, 2005) . Genes involved in the methylcitrate cycle are upregulated in M. tuberculosis isolated from murine macrophages (Schnappinger et al., 2003) and are important for growth in macrophages but not for intracellular survival (Munoz-Elias et al., 2006) . It is unknown whether the methylcitrate cycle plays a role in B. cenocepacia intracellular survival in macrophages. An uncharacterized seven gene operon (BCAM2196-BCAM2191) containing genes putatively involved in lipid metabolism was also induced in vivo (Table 4) , suggesting that fatty-acid metabolism or utilization may be important in B. cenocepacia lung infections. Using qRT-PCR we confirmed expression of BCAM2194 (mmsA) encoding methylmalonatesemialdehyde dehydrogenase was induced in vivo ( Table 3) . A four gene operon (BCAL1212-1215) induced in vivo encodes genes for a 2-oxo acid dehydrogenase complex ( Table 4) . The dihydrolipoamide dehydrogenase gene component of a similar complex was shown to be important for persistence and virulence in Streptococcus pneumoniae infection models likely due to having a role in capsule synthesis rather than metabolism of 2-oxo acids (Smith et al., 2002) .
BCAM0415 encodes a betaine aldehyde dehydrogenase (BADH ; Table 4 ). In P. aeruginosa, BADH has been shown to (Holden et al., 2009) at http://www. burkholderia.com (Winsor et al., 2008) or http://www.microbesonline.org (Dehal et al., 2009 be induced by choline and choline precursors (Velasco-Garcia et al., 2006a) which are abundant in infected lung tissues (Wright and Clements, 1987) . In addition to playing a role in assimilating carbon and nitrogen from choline, BADH produces glycine betaine which can protect bacteria from high osmolarity stress and oxidative stress in infected tissues. BADH has been proposed as a therapeutic target for P. aeruginosa since inactivation of this enzyme leads to intracellular accumulation of betaine aldehyde, which is toxic, and the inability to grow in medium with choline (Velasco-Garcia et al., 2006b; Zaldivar-Machorro et al., 2011) . Homologs of other genes induced by osmotic stress in bacteria were also identified as being induced in vivo (Table 4) . BCAL1103, encodes an OsmB-like protein. OsmB is induced by osmotic stress and stationary phase growth conditions in E. coli (Jung et al., 1990; Boulanger et al., 2005) . BCAL3310 and BCAL3311 are predicted to be co-transcribed YceI family proteins, homologs of which have been shown to be induced in response to osmotic stress in E. coli (Weber et al., 2006) and acid stress in Helicobacter pylori (Sisinni et al., 2010) . BCAL2558, a putative pyridine nucleotide-disulfide oxidoreductase with some similarity to TrxB (thioredoxin reductase) homologs, was induced twofold in vivo.
TrxB genes are involved in cellular redox processes and defense against oxidative stress and are important in intracellular survival in some pathogens (Bjur et al., 2006; Potter et al., 2009 ). BCAL3314 encodes a homolog of PqiA-like proteins, which are induced by paraquat and other superoxide generators in E. coli (Koh and Roe, 1995) . BCAL3297 encodes a DPS-family DNA-binding ferritin.
Homologs of these proteins are involved in resistance as well as iron sequestration (Calhoun and Kwon, 2011) . Although many of the in vivo induced outer membrane protein encoding genes are uncharacterized, a few have homology to proteins with predicted functions. BCAL3203, L3204, and L3205 form part of the Tol-PAL system membrane complex that is required for membrane integrity and has been implicated in the pathogenesis of several Gram-negative bacteria (Bowe et al., 1998; Godlewska et al., 2009; Paterson et al., 2009) . TolB (BCAL3203) is a periplasmic protein involved in biopolymer transport. BCAL3205 is a YbgF homolog which is the last gene of the Tol-PAL complex and interacts with TolA (Krachler et al., 2010) . BCAL3204 has been annotated as OmpA/PAL. PAL has been shown to contribute to virulence in several Gram-negative bacteria and in E. coli has been shown to be released into the bloodstream contributing to septic shock (Hellman et al., 2002; Liang et al., 2005) . A 17 kDa OmpA-like protein has recently been shown to be an immunodominant antigen following intranasal immunization with a B. cenocepacia outer membrane protein preparation in mice (Makidon et al., 2010) . Although the immunoreactive protein reported to be an OmpA-like protein was not conclusively identified, the partial amino acid sequence determined from a peptide of this molecular mass isolated from SDS-polyacrylamide gels, has 95.8% identity to BCAL3204. There are at least six other OmpA-like proteins in B. cenocepacia with varying degrees of sequence identify; however, PAL has been shown to highly immunogenic in other bacteria (Godlewska et al., 2009) . Therefore it is possible that the immunodominant antigen identified by Makidon et al. (2010) is PAL. BCAL2191, which was increased threefold in vivo (Table 4) is predicted to be an outer membrane lipoprotein with similarity to 17 kDa surface antigens in other species and therefore it is also possible that this protein contributed to the observed reaction with antiserum on Western blots in the study by Makidon et al. (2010) . Several other proteins involved in biogenesis of membrane and other cell surface components were also identified ( (Werner and Misra, 2005) . BCAL2482 is a putative outer membrane porin (OmpC) and is in the same predicted operon as BCAL2486 and BCAL2485, which are iron-sulfur oxidoreductase and iron-sulfur electron transport proteins, respectively. All three genes are induced at least twofold in vivo (Table 4) . Although ornibactin biosynthesis and uptake genes were expressed at similar levels in the in vitro and in vivo conditions used in this study, a number of other genes potentially involved in metal ion transport and metabolism were identified as being induced in vivo ( Table 4) . These included exbB, genes coding for iron-sulfur proteins and receptors for unknown siderophores. One of the most highly induced genes in vivo was BCAM0447 which encodes a putative multicopper oxidase (MCO). MCO genes are found in a number of genomes but have only recently been characterized. The MCO protein of P. aeruginosa has been shown to be involved in the oxidation of ferrous to ferric iron and may be important in iron acquisition (Huston et al., 2002) . MCO homologs are also involved in copper resistance and dissemination in mice in S. typhimurium (Achard et al., 2010) and copper tolerance in Campylobacter jejuni (Hall et al., 2008) .
Genes encoding proteins of unknown function induced in vivo are shown in Table 4 and Table A1 in Appendix. Many of the expressed genes encode outer membrane proteins (11) and exported proteins (24) that could contribute to cell surface alterations or virulence. Genes encoding six hypothetical proteins were unique to B. cenocepacia (Table A1 in Appendix), whereas, 23 genes encoding hypothetical proteins were conserved in one or more members of the Bcc, of which 11 were also conserved in Burkholderia pseudomallei (Table A1 in Appendix). It is possible that these proteins are involved in adaptation, survival, or virulence in lung infections although further studies are required to determine their potential importance.
PLASMID-ASSOCIATED GENES
Interestingly, the most highly induced genes in vivo were located on the plasmid where the vast majority of the genes were expressed at much higher levels in vivo than in vitro (Figure 4) . Of the plasmid genes annotated in the J2315 sequence (Winsor et al., 2008) , 62 genes had higher expression in the lung infection model. Only one gene, pBCA055, had higher expression levels in vitro, and the following genes had similar expression: pBCA003-007, 061, 063, 064, 066-075, 078-081, 083-086, 091-094. Many of the highly induced genes are part of the plasmidencoded T4SS, which has been shown to play a role in both plant pathogenesis and survival in eukaryotic cells (Engledow et al., 2004; Sajjan et al., 2008) . Expression ratios of genes known or predicted to be a part of the T4SS are shown in Figure 2C and described above. The presence of the plasmid-encoded T4SS in the B. cenocepacia ET12 lineage strains J2315 and K56-2 but not AU1054 or MCO-3 that entirely lack a plasmid is an interesting characteristic. Gene expression of pBCA054 encoding a LuxR family regulatory protein was higher in vivo. Interestingly, the most closely related pBCA054 orthologs are found in B. pseudomallei and Burkholderia mallei, rather than in other members of the Bcc. pBCA001-002 are parAB-like homologs that are putatively involved in chromosome partitioning. pBCA017 is similar to the zeta toxin family of toxin-antitoxin complexes which are involved in programmed cell death to prevent proliferation of plasmid free cells (Gerdes et al., 2005) . In addition to plasmid maintenance, toxin-antitoxin pairs can also be involved in responding to nutrient stress. Zeta toxins have recently been shown to target peptidoglycan synthesis triggering autolysis (Mutschler et al., 2011) . Zeta toxins are typically paired with epsilon antitoxins; however, there does not appear to be an epsilon homolog adjacent to pBCA017. In some cases, a chromosomal antitoxin can neutralize the plasmid toxin, but in this case toxin expression would not favor plasmid maintenance (Van Melderen and Saavedra De Bast, 2009) . Alternatively the toxin can be integrated into other regulatory networks or serve to reduce the overall population to increase nutrient availability for the survivors. Three genes forming an operon (pBCA053-051) exhibited the highest induction of any group of genes in vivo (Figure 4) . pBCA053 encodes a extracellular solute-binding protein involved in dicarboxylate transporter carbohydrate metabolism and we confirmed higher in vivo expression of this gene using qRT-PCR ( Table 3 ). The second and third genes in the operon encode an exported protein and a protein with homology to LamB/YcsF family proteins, respectively. In addition to the hypothetical proteins noted above, four putative exported proteins, nine putative membrane proteins, 12 conserved hypothetical proteins and 10 hypothetical proteins encoded on the plasmid were induced in vivo (Table A1 in Appendix). Few genes on this plasmid have been studied in detail opening the possibility for identifying proteins with potentially novel functions.
DISCUSSION
In this study, we have identified the gene expression signature of B. cenocepacia during lung infections. To the best of our knowledge, this is the first study to apply transcriptomics for any member of the Bcc to study gene expression during infection of a susceptible host. Differential gene expression was observed for characterized virulence genes as well as potential novel virulence genes between in vitro and in vivo environments.
Altered in vivo gene expression was observed for genes encoding enzymes, regulators, structural appendages as well as those contributing to ornibactin biosynthesis, and quorum sensing systems. Lower in vivo expression was observed for AHL-dependent QS controlled genes that are directly (e.g., aidA) and indirectly (e.g., shvR) regulated at the transcriptional level by CepR (Weingart et al., 2005; O'Grady et al., 2011) . These observations suggest that Frontiers in Cellular and Infection Microbiology www.frontiersin.org more favorable conditions exist for CepIR-dependent regulation of selected genes in high cell-density (∼10 9 ) laboratory-grown cultures compared to the lower cell-density (∼10 5 ) in the lung infections, although it is possible that higher expression of QS regulated genes occurs in selected locations in the lungs where bacteria are present in high cell-density biofilms. Since cepI and CepRregulated genes including zmpA, zmpB, and shvR have been shown to be important for virulence in the rat chronic respiratory infection model (Corbett et al., 2003; Sokol et al., 2003; Kooi et al., 2006; Bernier et al., 2008) , it is clear that these genes are expressed at sufficient levels to play a role in infection. The majority of characterized virulence genes were similarly expressed in the in vivo and in vivo conditions. This suggests that expression of these genes is just as important in high cell-density cultures and during lung infections. The contribution of these individual genes has been characterized in one or more infection models highlighting their importance in B. cenocepacia pathogenesis. Similar expression of characterized virulence genes during growth in vivo in hamsters and in vitro has previously been observed for B. pseudomallei (Tuanyok et al., 2006) . Increased expression of some genes belonging to the T3SS was observed in the closely related pathogens B. mallei and B. pseudomallei during infection of mice and hamsters, respectively (Kim et al., 2005; Tuanyok et al., 2006) . In the present study, expression of T2SS and T3SS genes was similar between in vitro and in vivo environments. Genes in these secretion systems appear to be expressed at moderate levels in both in vitro and in vivo environments. We previously showed expression of the T2SS genes gspC and gspG was influenced by growth medium composition (O'Grady et al., 2011). A previous study was not able to identify growth conditions that altered expression of T3SS genes suggesting these genes are constitutively expressed (Engledow et al., 2004) . The in vivo growth conditions provided a stimulus for expression of genes in the plasmid-encoded T4SS but did not affect expression of the T4SS genes on chromosome 2. A mutation in the chromosome 2-encoded T4SS was shown not to contribute to bacterial persistence or histopathology in the rat chronic respiratory infection model (Bernier and Sokol, 2005) . To date, no studies have observed such a dramatic increase in expression of plasmid-encoded T4SS genes suggesting that specific environmental signal(s) in the lung environment enabled increased expression of these genes to be detected. It was shown that the plasmid-encoded T4SS contributed to onion tissue maceration through secretion of one or more effectors (Engledow et al., 2004) . Whether this plasmid-encoded T4SS or its effectors have a role in mammalian cell/tissue damage has yet to be determined. We observed some T6SS genes had lower in vivo expression, in particular those genes on the BCAL0340 operon that includes a gene encoding the secreted effector Hcp. Previous work identified a transposon insertion in each of the three operons of the T6SS locus affected survival of B. cenocepacia in the rat chronic respiratory infection model (Hunt et al., 2004) .
Using a mouse agar bead infection model, a flagellin mutant failed to cause mortality compared to wild type (Urban et al., 2004) . It was also shown that motility mutants were less able to invade epithelial cells (Tomich et al., 2002) . Recent work showed expression of flagellar-and chemotaxis-associated genes and motility was reduced in B. cenocepacia strains of the ET12 lineage that were isolated from CF patients . However, a previous study showed transcription of flagellar-associated genes was increased in B. cenocepacia J2315 cultured in medium supplemented with CF sputum (Drevinek et al., 2008) . Conflicting data regarding expression of flagellar-associated genes in these two studies likely reflect the experimental conditions employed where increased expression of flagellar-associated genes was detected in rapidly growing cultures (Drevinek et al., 2008) . The phenotypic characteristics of the B. cenocepacia non-motile CF isolates are similar to P. aeruginosa clinical isolates which often acquire loss-of-function mutations associated with motility during chronic lung infection (Mahenthiralingam et al., 1994) . It has also been shown that P. aeruginosa exhibited decreased transcription of flagellar-associated genes when cultured in CF sputum (Wolfgang et al., 2004) . In our study, we detected lower in vivo expression of genes involved in motility and Flp type pilus formation. This result was likely due to differences in culture conditions between in vitro and in vivo environments. The agar bead infection model bypasses the colonization step during infection (Cash et al., 1979) . Our data suggest expression of these genes is not required in an established infection taking place in the lower respiratory tract. Therefore, decreased expression of these genes was expected since expression of these genes is an energy-expensive process and is more likely associated with rapidly growing cultures than cultures recovered from chronic lung infection.
We identified numerous genes that were induced during lung infections. Many of these genes encode proteins with functions related to metabolism, physiology, or adaptation to a stressful environment. While homologs of some of these proteins have been studied in other pathogens, these proteins have not been specifically studied in B. cenocepacia. Several B. cenocepacia ET12 lineage strains contain at least a 45-kb fragment of the plasmid found in K56-2 and J2315 (Engledow et al., 2004) while strains AU1054 and MCO-3 lack a plasmid (Winsor et al., 2008) . While plasmid-minus derivatives of B. cenocepacia J2315 or K56-2 have not been reported, it would be interesting to determine what influence absence of the plasmid may have on infection considering the vast majority of plasmid-encoded genes were induced in vivo. Further confirmatory experiments are required to substantiate trends for additional genes that exhibited altered expression in the in vivo environmental conditions. Revealing the changes in gene expression that occur in bacterial cells during infection is a first step in understanding the response of bacterial cells to the host environment. Increased expression of genes during infection suggests these genes promote bacterial survival and adaptation in the lungs and potentially influence virulence. The identification of potential novel virulence genes among these in vivo induced genes provides an opportunity to characterize these genes in more detail in future studies. Determining what growth conditions alter the expression of these genes and how they are regulated in B. cenocepacia will shed light on their expression pattern. Increased expression of genes during lung infection could be due to a change in environmental cues that enable transcriptional activation by a positive regulator(s) or derepression by a negative regulator(s). For potentially novel virulence genes, it will be important to construct mutations and examine their influence on virulence-related (Holden et al., 2009) at http://www. burkholderia.com (Winsor et al., 2008) or http://www.microbesonline.org (Dehal et al., 2009 (Holden et al., 2009) at http://www. burkholderia.com (Winsor et al., 2008) or http://www.microbesonline.org (Dehal et al., 2009 
